Santa Clara University

Scholar Commons
Bioengineering Senior Theses

Engineering Senior Theses

6-12-2020

Optimal Reactor Configuration of a Microbial Fuel Cell Containing
Bacteria Genetically Engineered to Degrade Urea
Ann McMonigal
Sarah Khoilian
David Bengford

Follow this and additional works at: https://scholarcommons.scu.edu/bioe_senior
Part of the Biomedical Engineering and Bioengineering Commons

SANTA CLARA UNIVERSITY
Department of Bioengineering

I HEREBY RECOMMEND THAT THE THESIS PREPARED
UNDER MY SUPERVISION BY

David Bengford, Sarah Khoilian, Ann McMonigal

ENTITLED

Optimal Reactor Configuration of a Microbial Fuel Cell
Containing Bacteria Genetically Engineered to Degrade Urea

BE ACCEPTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

BACHELOR OF SCIENCE
IN

BIOENGINEERING

June 12, 2020
__________________________________________________________________
Thesis Advisor(s) (use separate line for each advisor)

date

June 12, 2020
__________________________________________________________________
Department Chair(s) (use separate line for each chair)

date

Optimal Reactor Configuration of a
Microbial Fuel Cell Containing Bacteria
Genetically Engineered to Degrade Urea
By: Ann McMonigal, Sarah Khoilian, David Bengford
Faculty Advisor: Dr. Maryam Mobed-Miremadi
Date: June 12, 2020

II. Abstract

The original specific aim of this project was to use a microbial fuel cell (MFC) fueled by
the catabolism of E. coli DH5α (pKAU17) bacteria in order generate current as a result of
urea degradation. The initial design plan was to test the bacteria outside of the MFC,
obtain power measurements,, and finally, construct an electrochemical model that would
be compared to an existing theoretical model developed at SCU. Using a 0.25 L anode
chamber, graphite electrodes and a sulfonated tetrafluoroethylene based fluoropolymercopolymer proton exchange membrane the galvanic cell was constructed. In response to
constraints, the design plan was modified to include testing bacteria outside of the MFC
and constructing a bulk liquid model at steady state comparing the time when maximum
power output occurs in batch and continuous stirred tank reactor configurations assuming
Monod growth.
As determined by experimental results the enzymatic degradation of urea follows first
order kinetics with k = 0.0055 min-1. The results of the bulk liquid model show that a
batch reactor configuration is recommended for future laboratory work, as maximum
power output will occur at 28.8 hours for an initial urea concentration of 2 g/ L,
compared to 33 hours for the continuous stirred tank reactor. Of significance is the
comparison of the reactor configurations operating at 1 g/ L considered to be the
physiological uremic concentration: the time to reach maximum power is approximately
seven times for the batch (331.3 hours) versus CSTR (50 hours). With the incorporation
of the PEM and multimeter measurements, once these findings are verified additional
environmental impacts will be assessed for multiple growth cycles under non steady state
conditions.
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VII. Chapter 1: Introduction
1.1. Potential for a Sustainable Energy Breakthrough
MFCs can be defined as an alternative energy source that utilizes electrons produced
during microbial metabolic activity. The idea for MFCs dates back to 1910, when
Michael Cresse demonstrated how “microorganisms could generate a voltage and deliver
current” [4]. At this time, however, the world’s industries were heavily reliant on coal
and oil as energy sources. Since then, humanity has made strides into the reduction of
Greenhouse Gases (GHG) by resorting to the development of power generation
technologies based on sustainable energy sources. MFCs represent the fourth generation
of biofuels and continue expanding on the big picture rationale for developing sustainable
energy. This fourth generation is characterized by the introduction and manipulation of
genetically engineered organisms. In the case of this project, the strain E. coli DH5α
(pKAU17), previously used to target kidney disease [9], is under observation. This strain
has been genetically adapted to express urease for metabolizing urea. Consequently,
urea—a readily accessible material produced daily by every human being on this
planet—becomes a candidate waste product under observation as a renewable energy
source. At the intersection of the biomolecular engineering, materials and bioenergy, the
feasibility of harnessing this bacteria’s catabolic potential through a MFC system, and
subsequent system parameter optimization, are the core research objectives for our
project. The societal driving force behind our project is to contribute to the field of
sustainable energy, specifically in the subfield of 4th generation biofuels.
1.2. Intersection: BioMedical Engineering and Sustainable Energy
Table 1: Brief description of bacterial urease and its role in various human diseases. Notably,
bacterial urease’s virulence ignited research that has led to therapeutic applications.
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Before being a cutting edge topic in sustainable energy research, urease producing
bacteria had been studied extensively in the field of medicine. These earlier studies first
focused on the role urease played in diseases caused by bacteria. The table above begins
with a few examples highlighting the progress researchers made in understanding urease
as a virulent agent. Following this progress, researchers discovered that bacterial urease
has the potential to be used therapeutically. Our E. coli strain, for instance, has the ability
to help patients whose kidneys are not properly able to filter toxic urea from the patient’s
blood [9]. Seeing bacterial urease in a positive light during these clinical studies sparked
a chain reaction geared towards figuring out how to wield this novel understanding to
benefit our society. Eventually, this train of thought questioned how this medical research
may now be applied to the field of sustainable energy. Below we have tabulated our
research on some of the various exoelectrogens—bacteria that can transfer electrons
extracellularly—that have been studied in sustainable energy.
Table 2: Sampling of urea-metabolizing bacteria that have been studied in the field of
sustainable energy. The variables we are primarily concerned with are 𝜇𝜇max, a measurement of
bacteria’s maximum growth rate, and Ks, the saturation constant in the Monod equation. Much of
the existing research does not explicitly state these variables, but there does exist literature on
our bacteria’s values [9].
Urea-Metabolizing Bacteria
Exoelectrogens

Mutations

μmax [1 / hr]

Ks [mM]

Reference

Over-expresses polar, type IV
pili, conductive appendages that
hyperpiliated pilT enhance electron transfer to the
mutant
anode; suppression of twitching
Pseudomonas
motility enhances biofilm
aeruginosa (PA) formation by promoting surface
attachment and cell-to-cell
adhesion

N/A

N/A

[8]

wild-type PA
(PAO1)

None

N/A

N/A

[8]

E. Coli DH5α
(pKAU17)

Genetically engineered to express
Klebsiella aerogenes urease

2.75E-05

1.79E-07

[9]

immobilized E.

Same as E. Coli DH5α

TBD

TBD

[9]
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coli DH5α
(pKAU17)

(pKAU17)

Klebsiella
aerogenes

None; Note: pKAU17 plasmid
sourced from this species

N/A

N/A

[21]

Helicobacter
pylori

None

N/A

0.17-0.48

[22]

1.3. Global Relevance
This present research strives to keep in focus the big picture potential for this technology
to be implemented on a global scale. One application stemming from this project involves
using a MFC to degrade urea to create a battery capable of charging appliances such as a
smartphone [1]. Another application is treatment of brewery wastewater in which a MFC
is used to degrade organic compounds [4]. Thus, the adaptability of MFC applications is
shown to spread across both industrial and public realms. Applications that have yet to be
researched, yet may prove to be this technology’s key to becoming widely
commercialized, likely involve designing an easily installed MFC, one capable of being
integrated into any building with a restroom, that can reliably supply power to the
building and its occupants. The progress between this technology’s present state and this
envisioned application has the potential to be revolutionary to how people power the
modern world.

VIII. Chapter 2: Background and Significance
2.1. Preexisting Research
In order to ensure our project’s contributions are justified, we had to research both the
current state of this field and the developments leading up to current MFC technology.
MFCs have been viewed as “scientific curiosities'' more than a useful technology [4].
This preconception is beginning to change as interest in MFCs as methods for wastewater
treatment or sources of renewable energy has grown in recent years.
Surely, there exists a high degree of variability when it comes to MFC configurations and
materials. Ranging from batch reactors, to continuous stirred tank reactors (CSTRs), to
packed bed reactors, there exist many different methods for introducing and maintaining
a system’s bacterial population. To be certain, scalability of the technology remains one
of its biggest hurdles. However, if powering an entire grid with microorganisms had been
a simple task, we would not have work to do. Some researchers have explored the
possibility of connecting smaller MFCs in parallel, a technique called the miniaturization
25

and multiplication method, and have observed promising results in power production
[23]. Still others have focused on the material science element of the technology.
Optimizing material properties and the system’s scalability remain active research areas
for MFCs.
Independent of scalability, the simplest growth model used in these above-mentioned
bioreactors is the Monod model [Eq. 1], where growth (𝜇𝜇) is related to the maximum
growth rate (𝜇𝜇max) and the Monod constant (Ks). Power density generation trends have
been linked to the Monod kinetics [Eq. 2], where P and Pmax are defined as power density
and maximum power density, respectively. The variable X represents the cell
concentration.
𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑
=
𝐾𝐾𝑆𝑆 + [𝑆𝑆] 𝑑𝑑𝑑𝑑
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃 =
𝐾𝐾𝑆𝑆 + [𝑆𝑆]
µ=

[1]

[2]

Urea removal from aqueous solutions remains a new area of research but there are
multiple different methods being developed. One of the more direct methods of removal
is electrochemical oxidation of urea. One of the many advantages of this method is that it
produces only gaseous products which do not harm the environment. In this method, the
pollutant, urea, can be removed via a chemical reaction on the species that is generated at
the electrodes [28].
2.1.1. Electrode Materials
The material properties of the electrodes, particularly of the anode, is of critical
importance because a system’s power performance is largely influenced by how well
bacteria is in connection with the anode. In turn, this interaction between the bacteria and
the anode is influenced heavily by the electrode’s material properties. “Electrode
materials for biomedical patchable and implantable energy storage devices” examines
electrode materials for applications to medical devices [5]. Although we are not
designing a medical device, this field of study is important to our project because our fuel
cell involves the interaction of living cells and electrodes. Important characteristics for
electrode materials for medical devices include adhesion, performance degradation,
sensitization, biocompatibility, safety and reliability, low density, and durability. In the
context of our MFC, the necessary characteristics change. We do not necessarily need
lightweight materials, as our MFC is not made to be easily transportable. Still, our
electrode materials should be biocompatible and reliable [5]. For our project, it may be
desirable for the bacteria to adhere to the electrode to increase the transfer of electrons.
This objective may be accomplished by considering the anode’s surface wettability (i.e.,
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hydrophobicity or hydrophilicity), which has been shown to be an important factor in
determining whether or not cells will adhere to materials [5].
The two most common types of anodes are carbon and metals, including nickel, copper,
gold, and titanium [4]. Our set-up utilizes graphite electrodes due to their low cost,
corrosion-resistance and electrical conductivity.
2.1.2. Bacterial Immobilization
Another challenge faced in the current state of MFCs is the device’s scalability. “An
entrapment-based microbial immobilization technique in hydrogel spheres… [has been]
evaluated in order to ease process scale up” [6]. Additionally, the rate of active material
metabolism, in our case urea, is at this point characterized by a quick rise and fall in
power generation. However, before MFCs can be commercialized, power generation
must be guaranteed in its consistency. Encouragingly, “immobilization provides greater
operational stability [by reducing] sudden contaminant or nutrient concentration swings”
[6]. In addition to the bacteria, “cofactor NAD+/NADH will be co-encapsulated with
bacteria in order to eliminate the need for redox mediators and subsequent fluctuations in
solubility,” providing improved system stability. Furthermore, in the research done by
Lin et al., they concluded via simulation that there exists a “clear difference between the
substrate depletion profiles and thus power generation between the free and encapsulated
configurations,” with the encapsulated bacteria degrading the urea over a longer period of
time [7]. Consequently, “current density is maintained for a longer period of time” [7].
Yet another challenge arises in trying to maintain high cell concentrations without too
many cells dying. In this regard, “immobilization strategies could be a valuable tool to
avoid cell washout and shear stress and to provide high biomass levels” [6].
Regarding the material used for the encapsulating hydrogel, Morandeira et al. has
compared agar, alginate, and alginate-polyvinyl alcohol [6]. For their halophilic strain of
Halomonas bacteria, agar did not work well. Therefore, they chose to work with alginate
“due to its superior mechanical stability [to alginate]” [6]. Duque et al. have also asserted
alginate as the most functional encapsulation material [9]. Some of the factors used to
compare hydrogels are external mass transfer and key diffusivity coefficients as
measured by Lewinska et al.’s formulaic strategy for quantifying “mass transfer between
liquid culture and hydrogel” and the Sherwood number (Sh) used to calculate diffusivity
[6]. Furthermore, to compare encapsulation techniques, Duque et al. relied on the
equation and method for calculating encapsulation efficiency (E) [9].To ensure proper
configurations of immobilized bacteria, Morandeira et al. utilized transition electron
microscopy (TEM) “to obtain TEM images of hydrogels-immobilized bacterial cells” [6].
Comparatively, Duque et al. measured capsule sizes and membrane thickness “using a
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Nikon transmission microscope/camera equipped with an Interline CCD camera and
imaging software NIS-Elements v.3.2.2” [9].
Considering the importance of urea molecules being able to diffuse through alginate
pores to be metabolized by the encapsulated bacteria, Duque et al. stated that “transport
within alginate membranes is limited by hydrogel mechanical strength and diffusion rate”
[9]. Consequently, their study analyzes a variety of techniques for adjusting these
encapsulation characteristics and compares those methods’ outcomes. This study will
help our project once we reach a stage in which we are testing encapsulated bacteria
within the MFC.
2.1.3. Verification of Simulated Model
Ultimately, our experimental endeavor was aiming to verify the previously-developed
theoretical model [7]. The results of their simulation concluded that “there is a clear
difference between the substrate [i.e., urea] depletion profiles and thus power generation
between the free and encapsulated configurations” [7]. An iterative process of
experimentation with various encapsulation methods will eventually bring experimental
results and the simulated model into congruence. The goal to implement a MFC
configuration that is capable of generating a more consistent, and, therefore, more
reliable power source is pivotal to the MFC’s commercial success.
2.2. Overview of a Generalized MFC’s Components
We will now take a moment to provide an overview of both the common components of a
double chamber MFC set-up and the critical concept of MFC electrochemistry. Of note,
there is active research striving to determine whether or not MFCs can be reduced to a
single chamber, but our work focuses on double chamber configurations.
2.2.1. MFC: An Organically Fueled Galvanic Cell Analogue
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Figure 1: Schematic summarizing a MFC’s primary components. These components include
inputs, outputs, and the mechanism implemented in order to intercept electrons, the bacteria’s
metabolic currency and the system’s source of electrical energy.
The diagram above summarizes the common components of a MFC. Similar to a normal
galvanic cell, a MFC has two compartments, both with an electrode. The compartment
depicted on the left is the anodic chamber, the one on the right is the cathodic chamber.
Importantly, these chambers are separated by a proton exchange membrane (PEM). The
PEM allows for only protons to pass through it, thereby allowing for a concentration
gradient to be established. This concentration gradient brings about an electrochemical
gradient, and these gradients compose the fundamental mechanism driving the system’s
power generation.
To continue, the electrodes are bridged by a load. This load will likely be a battery once
MFCs are properly scaled. For research purposes—as in when one is interested only in
tracking the generated voltage and not using this electrical energy as power—the load can
be a simple resistor. For both analytical and system monitoring purposes, a voltmeter
should also be connected to the electrodes.

25

Figure 2: Highlighted enzymatic hydrolysis of urea at the anode [24].
To emphasize the location of the bacteria’s metabolism of urea, we include Figure 2
(above). Because the bacteria are present only in the anodic chamber, this metabolism
occurs only at the anode. The electrochemistry behind the reactions occurring in a MFC
is discussed in the following section.
2.2.2. Critical Concept: MFC Electrochemistry
The cornerstone of a MFC’s power production is the gradient established by the proton
exchange membrane separating. The bacteria and its fuel source at the anode, while
oxygen should only be present only in the cathodic chamber. Oxygen should not diffuse
through the PEM. Therefore, as the bacteria metabolizes urea, a chemical reduction
reaction of the organic fuel, the electron transport chain is interrupted because oxygen,
the final electron acceptor in this chain, is not present at the anode. As a result, protons
migrate to the oxygen-rich cathodic chamber and reduce elemental oxygen to water. This
proton migration creates a net imbalance in electrical charge between the anodic and
cathodic chambers. To stabilize this imbalance, the metabolically produced electrons
follow the protons via the bridge connecting the two electrodes. Notably, the number of
electrons produced during metabolism is more than the number of electrons that travel
through the bridge. Once travelling between the electrodes, these electrons are
intercepted by a battery and are stored as electrical energy. This energy, having been
converted from chemical to electrical, is now ready to be used as a power source.
25

More research is needed in order to better understand the interaction in electron transfer
mechanisms between exoelectrogens and solid electrodes. Still, it is known that “direct
electron transfer between the bacteria and the electrode occurs by direct contact between
the outer membrane of the bacteria and the surface of the anode'' [4]. This exchange of
electrons occurs through the cytochrome c protein of the electron transport chain. It is
also important to note that “the oxygen reduction reaction that is taking place at the
cathode is often the limiting reaction of the MFCs'' [4]. Therefore, efforts must be made
to improve the turnover rate of this reduction reaction, most likely either by changing the
way oxygen is integrated into the system over time or by modifying the electrode surface
to allow for more reactions to take place at once.

Figure 3: Catalyzed urea metabolism reaction at the anode. This reaction is catalyzed by the
urease enzyme expressed by E. coli DH5α (pKAU17) bacteria [26].
Examining more closely the metabolic oxidation of urea by the bacteria at the anode
reveals the importance of the urease enzyme. In the figure above, this reaction is
depicted. Starting with the molecule of urea in the top left of the loop and following this
loop clockwise, one can see how a tetrahedral intermediate is required before the reaction
can output the products of bicarbonate and ammonium. Of vital importance, this
intermediate cannot exist without the presence of the urease catalyst. Therefore, the
genetically engineered ability of our bacteria to metabolize urea is essential.
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Figure 4: Microbial enzymatic hydrolysis of urea chemical equation [27].
In Fig. 4, the chemical reaction that breaks down urea [CO(NH2)] into ammonia [NH3]
and carbon dioxide [CO2] is explained. In the first step, urea is hydrolyzed into ammonia
and carbamate [NH2COOH] to ammonia and carbon dioxide. Finally, carbon dioxide is
converted to carbonic acid until the latter is in equilibrium with carbonate. The hydrolysis
of urea is accomplished at the anode by the exoelectrogens seeded there. This hydrolysis
results in the transfer of electrons from the bacteria to the anode. These electrons then
flow from the anode to the cathode to stabilize the electrochemical gradient created by
the PEM. In route to the cathode, these electrons are intercepted and stored as electrical
energy. The subsequent carbonation and protonation equilibria reactions of carbon
dioxide and ammonia will result in additional charge fluctuations.
2.2.2.1. Relevant Physical Laws
Multiple physical laws need to be considered in the operation of the fuel cell. While
Fick’s law is used to model the diffusion of oxygen across the PEM, Nerst Planck’s
equation is used to model the transport of charged species (i.e. ammonium ion, carbonate)
in an electrical field. Although their solution is essential to accurate current generation
simulation, their contribution has been assumed to be negligible for the purpose of this
effort. The fundamental electrochemistry equations associated with the galvanic cell are
the Nernst equation [Eq. 3] and the Erdey Gruz Volmer Butler equation [Eq. 4]. These
two formulas play an important role in explaining the biochemical and electrochemical
reaction processes of MFCs. The Nernst equation can be used to determine the electrode
voltage and to calculate the concentration overpotential. By being able to calculate the
cell’s potential, we have a theoretical voltage value that we will be able to compare to the
values measured by the system’s voltmeter. The Erdey-Gruz-Volmer-Butler equation is
used to characterize the electrons transfer process by assessing the relationship between
the current density and the activation overpotential at the anode and cathode in order to
characterize the activation energy loss. This energy loss in turn is a product of a MFC’s
internal resistance, which is in turn affected by the material of the PEM and the
components in the solution.
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The kinetically controlled current density of urea at the anode (𝐽𝐽𝑎𝑎𝑎𝑎𝑎𝑎 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ) is related to the

exchange current density of urea in the bioﬁlm (𝑗𝑗0 𝐵𝐵𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ), the charge transfer coefﬁcient of

urea at the anode (𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ), the number of electrons transferred in urea oxidation
(𝑛𝑛𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ), the Faraday constant (𝐹𝐹 ), the anode potential (𝐸𝐸𝑎𝑎 ). The equilibrium potential of
urea at the anode (𝐸𝐸 𝑎𝑎 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ), the universal gas constant (𝑅𝑅), the temperature (𝑇𝑇), the charge
transfer coefﬁcient of urea at the anode (𝛼𝛼 𝐴𝐴 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ), the number of electrons transferred in
urea oxidation (𝑛𝑛𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ), the Faraday constant (𝐹𝐹 ), the anode potential (𝐸𝐸𝑎𝑎 ), and the
equilibrium potential of urea at the anode (𝐸𝐸 𝑎𝑎 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ).

2.3. Current Technological Limitations
Although the concept of MFCs dates back to 1910, the technology is not yet widely used
[4]. The main reason behind why this promising technology has yet to be implemented is
its currently limited commercialization. Compared to coal and oil, the current state of
MFCs cannot generate nearly as much power, nor generate power with the same
reliability as these traditional, yet polluting, energy sources. Our current work strives to
optimize both the magnitude and the consistency with which power is generated by the
system. The goal of consistent power was originally going to be analyzed by testing
different methods for seeding the bacteria to the system’s anodic electrode. If this
connection between the bacteria and this electrode is properly optimized, there exists the
possibility that the electrons every MFC attempts to harness—namely, those produced
during the bacteria’s metabolism of its provided food source—will be transferred more
effectively between the bacteria and the anode. With a more effective electron transfer
established, a more efficient power source is created. Furthermore, past research
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modeling has shown the possibility of seeding the bacteria to this electrode via
encapsulation as improving the consistency of power generation over time [7].
Additionally, the voltage produced by current MFCs is “orders of magnitude lower
compared to that of chemical fuel cells'' [4]. Encouragingly, however, Shreeram, Hassett,
and Schaefer have shown that certain genetically engineered bacteria are capable of
yielding a close to threefold increase in peak power density as compared to the wild-type,
thereby demonstrating an enhancement of the bacteria’s electrogenic properties [8].
Of further difficulty is the high internal resistance in current MFCs [23]. This
characteristic results in poor power performance because much of the electrons’ energy is
diminished when in transport. Researchers have been able to locate the primary source of
the MFC’s internal resistance, suggesting that the “exchange reactions at the anode
surface dominate the internal resistance near open circuit,” not the rate of bacterial
metabolism [8]. Therefore, work must be done to optimize the exchange reactions of
electrons between the bacteria and the anode.
However, these limitations are countered by a wealth of benefits. For example, the
operating cost for a conventional double chambered MFC is low because the system
operates at ambient temperature, its feedstock is waste, and there is no energy needed for
aeration. In applications where industrial wastewater is the feedstock, further benefits are
observed in the form of lower sludge production than conventional wastewater treatment
methods, and in the recovery of nitrogen, potassium, and phosphate during treatment
[23].
2.4. Original Project Design
These limitations considered, we have focused our research efforts on improving the
consistency of MFC power generation. Upon constructing a system capable of reliably
generating power, further efforts will pick up this torch and focus on how to improve the
magnitude of the power produced.
The first objective was to test our bacteria outside of the MFC to obtain baseline
measurements and monitor urea degradation by E. coli DH5α. Once confirmed that our
bacteria was in fact able to degrade urea, we planned to introduce our bacteria into the
MFC system. The primary objective of this second phase would have been to monitor
power generation over time. Additionally, this would be the phase during which the
power generation performance of free-floating bacteria would be compared against the
performance of encapsulated bacteria seeded directly onto the anode. If able to
demonstrate that the encapsulated bacteria displayed better performance than the free
bacteria, the previously developed model [7] would be experimentally validated and our
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system would be able to demonstrate consistent power generation. After acquiring this
power generation data, we planned to use our data to build an electrochemical model.
Through an iterative process, we would work towards establishing equivalency between
our model’s predictions and our experiment results. We would then compare this model
to those found in current literature. Fig. 5 (below) diagrams the three phases of our
original design plan.

Figure 5: Original design plan.
2.5. Adjusting to Constraints
Due to lack of access to laboratory space, we ultimately went from our first phase of
testing our bacteria outside the MFC directly to the third phase of constructing a model.
This change in plans shifted our focus from constructing an electrochemical model to
constructing a bulk liquid model (Fig. 7). Our original focus, an electrochemical model,
requires experimental power generation data, and we do not yet have this data. Our
revised plan is detailed in Fig. 6, shown below.

Figure 6: Modified design plan.
2.6. Specific Aims
2.6.1. Modified Design Plan
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The first phase of the modified design plan remained the same: to work with the
genetically engineered E. coli outside of the MFC and monitor its ability to degrade urea.
From there, the next step would be to construct a model.
The new design plan was to construct a bulk liquid model, in which power generation is
correlated to substrate depletion by using the Monod equation. Two different bioreactor
configurations would be analyzed: batch and continuous stirred tank reactor (CSTR).
Parametric analysis would then be used to predict power generation trends, specifically
the time when maximum power output occurs.

Figure 7: Branch diagram of various MFC models. Highlighted are our original focus, the
electrochemical model, and our new focus, the bulk liquid model [15].
2.6.2. Bulk Liquid Model
Our goal is now to create a bulk liquid model to compare batch and CSTR configurations
for the MFC. The bulk liquid model would then be used to determine when maximum
Monod growth occurs, and subsequently, when maximum power output occurs. This is
diagrammed in Fig. 8.
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Figure 8: Diagram of bulk liquid model with the Monod equation shown.
The equations used as the basis for the bulk liquid model are shown in Table 3. X
represents the concentration of bacteria. S represents the concentration of the substrate, in
this case, urea. P represents the concentration of the product, in this case, ammonia. The
symbols F and V represent the volumetric flowrate and reactor volume respectively.
Table 3: Systems of equations describing bacterial growth, substrate depletion, and product
formation for the bulk liquid model.

For the CSTR reactor, the ratio of (F/V) known as dilution factor (D) or space velocity indicates
how many reactor volumes of feed can be treated in a unit time. As a rule of thumb D < 𝜇𝜇𝜇𝜇max in
order to prevent cell washout. The residence time (𝜏𝜏) is total reaction time that the reactants have
spent in the reactor and is the inverse of the dilution factor for the CSTR configuration. For the
CSTR and batch configurations maximum cell productivity is given by Eqs. 7 & 8, respectively.
𝑑𝑑𝑑𝑑
=0
𝑑𝑑𝑑𝑑

[7]

max (𝑋𝑋)

[8]

τ
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A literature search was conducted on the factors that affect power maximum power output, as
detailed in Table 4 (below). It was found that flowrate and concentration were variables that
could be manipulated in the bulk liquid model. For MFCs using urea as substrate, maximum
power was found to range from 24 ± 4 μW [8] to 139 mW [1].
For our model specifically, the inputs for the batch and CSTR configurations were identified.
These inputs could either be varied or were dependent on the bacteria and the enzymatic
degradation of urea. Table 5 (below) shows which variables for the bulk liquid model can be
manipulated and which are fixed. Variables shown in red are those that were identified to affect
maximum power output.
Table 4: Factors affecting power density.
Variables affecting Peak
Power

Method used to compare
power:

Reference

H-type: 0.24 W/m3 at 500
ohms
Sandwich type: 11 W/m3 at
200 ohms

Power output comparison
between two different types
of reactors.

[11]

Flow rate: 2.9 W /m2

Step decrease in feed flow
rate vs. feed concentration

[10]

Power output comparison
between two different types
of bacteria in the anode
compartment

[8]

Concentration: 2.4 W/ m2

pilT mutant: 65 ± 10 μW
Wild type PAO1: 24 ± 4 μW
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Small MFC: 12.7 W/m3
Large MFC: 5.3 W/m3

Comparison of peak power
density between different
reactor sizes

[14]

Table 5: Reactor configurations with variables that affect maximum power output shown in red.
Modes

Description

Variables

Values tied to
reaction

Output

batch reactor

cells and
nutrients are
placed in
bioreactor;
nothing is added
or removed as
time progresses

S0, X0, V

μmax, Ks, Yx/s,
Yp/s

maximum power
output

continuous
stirred tank
reactor (CSTR)

fresh nutrients
are added and
cells and
products are
removed;
product
formation can be
maintained for
longer

S0, X0, F, V

μmax, Ks, Yx/s,Yp/s maximum power
output

Since power generation is related to growth rate as demonstrated by the analogy of Eqs. 1
& 2, maximum power generation can be related to maximum cell productivity.
Unconstrained optimization or a parametric study may be conducted to find the optimal
operating parameters for the MFC. In this effort, a parametric approach was used to
recommend the optimal levels of the parameters.

IX. Chapter 3: Methods and Materials
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3.1. Materials
All chemicals used in the following procedure were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The bacteria was a gift from Dr. Scott Mulrooney (Michigan State University). The
QuantiChrom Urea Assay Kit was purchased from BioAssay (Hayward, CA, USA). A sulfonated
tetrafluoroethylene based fluoropolymer-copolymer proton exchange membrane was purchased
from NafionTM (Wilmington, DE, USA). The multimeter used was the OW18B Digital
Multimeter Bluetooth Data Logger purchased from OWON (Walnut, CA, USA). The electrodes
were purchased from Actopus. The electrodes were 99.99% graphite and cylindrical, with a
radius of 10 mm and a length of 100 mm. A 250 mL H-type MFC was purchased from
WENOOTE (Changshu, China).
3.2. Methods
3.2.1. Testing of Bacteria Outside of MFC
3.2.1.1. Growth and Induction of Bacteria
Genetically engineered (GE’d) E. coli DH5α, containing the pKAU17 plasmid, were
grown in autoclaved LB broth containing 1 mM nickel chloride with the pH adjusted to
7.5 using sodium hydroxide. The culture was incubated until the sample had an
absorbance of at least 0.4, as indicated via spectrophotometer. This usually required
letting the bacteria grow for 6 to 8 hours. Isopropyl β-D-1-thiogalactopyranoside (IPTG)
was then added to a final concentration of 0.2 mM to induce expression of the urease
gene. The culture incubated overnight, usually for about 16 hours. Absorbance
measurements were taken the next day.
3.2.1.2. Monitoring Urea Concentration
Urea concentration was measured with a QuantiChrom Urea Assay Kit to assess the
ability of the induced bacteria to metabolize urea. A correlation should be established
between the bacteria’s metabolic rate of urea and the power generated by the MFC.
3.2.1.2.1. Preparing Bacteria for Urea Test
After the bacteria was induced and allowed to incubate overnight, preparation of the
bacterial samples was required to run the urea test. Essentially, this process starved the
bacteria before introducing the fresh food. To begin, 1 mL of cells in solution, ideally in
their log phase, was extracted from the incubating tube and centrifuged at 4000 rpm for
10 minutes. This step formed the bacteria into a pellet, effectively separating the cells
from the LB supernatant. After discarding the supernatant, the pellet was then washed
using filter-sterilized 0.9% NaCl (0.2 µm) filter is sufficient for removing most
contaminants) and centrifuged again for 10 minutes at 4000 rpm. The pellet in the salt
solution dissolves more easily, so caution was practiced with how close the pipette’s tip
was to the pellet when removing this supernatant. Then, the pellet was resuspended in
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100 µL sterilized 20 mM Na2HPO4, 1 mM EDTA, and 2 mM 2-mercaptoethanol to
remove all media components. At this point, the uremic food was introduced to the
bacteria and incubated. This solution of uremic food consisted of 1 part LB broth and 9
parts uremic test solution that was 1 g/ L urea, 1 g/ L glucose, 1.40 g/ L Na2HPO4, 0.3 g/
L KH2PO4, 0.07 g/ L thiamin hydrochloride, 0.02 g/ L MgSO4, dissolved in 1 L deionized
(DI) water. The timer began when the uremic food was introduced to the bacteria and
measurements are taken at 0, 30 and 60 minutes.
3.2.1.2.2. Samples, Controls, and Methods
Controls used in measuring urea concentrations were DI water, the urea standard supplied
in the QuantiChrom™ kit, and the uremic food fed to the bacteria. Various comparative
samples were conducted in conjunction with the sample of functional interest. These
samples varied in whether or not the bacteria was induced with IPTG to express the genes
that allow for urea metabolism and in the time elapsed between introducing the bacteria
to fresh food and conducting the urea assay test. The methods used for running the assay
kit were prescribed by the kit manufacturer. Five µL of each sample and control were
added to separate wells of a 96 well plate. To each well, 200 µL of working reagent were
added. The working reagent consisted of 100 µL of reagent A and 100 µL of reagent B,
both of which were provided in the kit. The samples were incubated at room temperature
for 20 minutes. Importantly, bacteria was centrifuged out of each sample before
introducing the sample into a well. This step ensured the absorbance values were not
distorted by the bacterial cells themselves. The absorbance values in each well were
measured via Tecan plate reader at a wavelength of 520 nm, as prescribed by the
manufacturer’s instructions. Regarding the precision of data, 5 wells of each sample and
control were tested.
3.2.1.3. Statistical Testing of Urea Degradation
A series of statistical testing was performed using a 2-sided student t-test with unequal
variance at the 90% confidence interval. This t-test was performed using MATLAB that
utilized the following equation:

[9]
In the 2-sided student t-test, 𝜇𝜇 and 𝜇𝜇 represent the mean of samples 1 and 2, s and s
represent the standard deviations of samples 1 and 2, and N and N represent the sample
sizes of samples 1 and 2.
1

2

1

1

2

2

3.2.2. Bacterial testing in the MFC
The induced bacteria was introduced into the MFC once it was shown that the induced
bacteria degrades urea. The MFC consisted of two 250 mL half cells connected by a
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junction. A proton exchange membrane (PEM) was placed in the junction to ensure that
only protons will flow from the anode cell to the cathode cell. Graphite electrodes were
used and a load in the form of a resistor was placed between the two half cells. Induced
bacteria and the 9:1 uremic test solution to LB broth was placed in the anode chamber.
The contents of this chamber were mixed using a stir bar and stir plate. Approximately
250 mL of DI water were added to the cathode chamber. Voltage was monitored using
the multimeter.

Figure 9: Our first and only experimental set-up. As depicted, the chambers are effectively
separated, and the load bridged the anode and the cathode. Unfortunately, we were unable to
measure a generated voltage in this first run because we had not properly unpackaged our PEM
from the plastic it came in before putting it at the junction between the two compartments.
3.2.3. Construction of the Bulk Liquid Model
A bulk liquid model was constructed to compare substrate depletion and Monod growth
in two bioreactor configurations: batch reactor and continuous stirred tank reactor
(CSTR). The equations used to construct the model for the batch reactor and CSTR are
shown in Table 3 in the background section.
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The systems of equations were solved at steady state. The following assumptions have
been made: product generation is growth related, the death rate of the bacteria is
negligible, and the specific growth rate of product formation is negligible.
The steady state solutions to the CSTR and batch reactor were programmed into the
MATLAB software and were subjected to parametric analysis.
The inputs for the batch reactor and CSTR are listed in Table 6 (below). Values for V,
S0, and X0 were obtained from laboratory work conducted by our group. Values for μmax
and Ks were obtained from “Effect of artificial cell miniaturization on urea degradation
by immobilized E. coli DH5α (pKAU17)” [9]. Values for D, Yx/s, Yp/s, and qp were
assumed.
Table 6: Inputs for the bulk liquid model with their symbols and values.
Input

Symbol

Value

volume of the anode chamber

V

0.25 L

initial concentration of urea

S0

1 g/ L, 2 g/ L

initial concentration of E. coli

X0

0.2 g/ L

maximum growth rate of E.
coli

μmax

0.099018 hr-1

saturation constant for E. coli

Ks

1.78871 g/ L

dilution rate

D

0.1 to 0.5 hr-1

yield coefficient for grams of
E. coli produced per grams of
urea

Yx/s

0.2 g/ g

yield coefficient for grams of Yp/s
ammonia formed per grams of
urea

0.032 g/ g

specific growth rate of
product formation

0

qp

3.2.3.1. Software
The model was constructed using MATLAB 19a (Mathworks, Natick, MA, USA).
Sample code is given in Appendix B.
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3.2.3.2. Batch Reactor Simulation
The time when maximum power output occurs was determined by graphing time versus
concentrations of bacteria, urea, and ammonia, using the solved differential equations
listed above. The maximum time, tau, is equal to the time when maximum power output
occurs.
3.2.3.3. CSTR Simulation
The time when maximum power output occurs was determined by graphing dilution rate
versus productivity of E. coli and ammonia. In a bulk liquid model, power generation
tracks substrate depletion and Monod growth. Thus, the time when maximum power
output occurs was found by locating peak bacterial growth on the graph. Productivity
graphs were generated for initial urea concentrations of 1 g/ L and 2 g/ L.

X. Chapter 4: Results
4.1. Urea Degradation
From the raw data obtained in the lab, it was found that the induced E. coli DH5α
(pKAU17) was able to degrade urea. In Fig. 10, c1 represents a control of DI water, c2 is
a control of 10% LB broth and 90% uremic test solution, and c3 is a control of the urea
assay standard. I and NI represent batches induced with IPTG and batches that were not
induced with IPTG. Zero, 30 and 60 represent the number of minutes the reaction
occurred before absorbance measurements were taken.

Figure 10: Experimental results of our bacteria’s urea degradation kinetics.
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In order to validate the results from the experiment, a series of pairwise comparisons of
the samples was completed by using this 2-sided student t test with unequal variance at a
90% confidence interval. We compared our control versus the induced batch at 0
minutes, and then the induced batch at 0 minutes batch versus the induced batch at 30
minutes batch and finally the induced batch at 30 minutes batch versus the induced batch
at 60 minutes. The results of our t tests are shown below in Table 7. As shown by our pvalues, we were able to reject our null hypothesis H0: ‘there is no significant difference in
absorbance between sampling times’. This meant that there was a significant difference
in the absorbance between sampling times and the urea was substantially being degraded.
Table 7: P-value results of the series of t-tests.
Comparison

P-value/Decision

Control vs I0

0.001/Reject H0

I0 vs I30

0.0545/Reject H0

I30 vs I60

0.1044/Reject or Accept H0

From the laboratory data and statistical analysis, we can conclude that the genetically
engineered bacteria is active. Because the bacteria has been shown to be active, the
bacteria can then be used to degrade urea within the MFC for future work. Our results
from our degradation testing validated our assumption that the degradation of urea is a
first order reaction which means that it has a rate that is proportional to the concentration
of one reactant. Fig. 11 (below) demonstrates this linear relationship. The first order
kinetics equation is given as follows:
𝐴𝐴 = 𝐴𝐴0 𝑒𝑒 −𝑘𝑘𝑘𝑘

[10]

In this first order kinetics equation, A0 represents the absorbance associated with the
initial concentration of urea (𝐴𝐴0 = 0.7803), k is the first order reaction constant, and t is
the reaction time. Using the CurveFit application in MATLAB (Figure 11), it was found
that 𝑘𝑘 = 0.0055 min-1.
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Figure 11: Urea consumption over time by the induced batch.

4.2. Bulk Liquid Model
4.2.1 Batch Reactor
4.2.1.1. Batch Reactor Results
Using the simulation for the batch reactor configuration, the time when maximum power
output occurs is the residence time, or maximum time for running the reactor. It was
found that maximum power output will occur at 28.8 hours when the initial urea
concentration is 2 g/ L. This urea concentration is twice that of the uremic test solution.

25

Pmax occurs @ 28.8 hours

Figure 12: Simulation of batch configuration with an initial urea concentration of 2 g/ L.
Maximum power output occurs at 28.8 hrs.
4.2.1.2. Parametric Analysis for Batch Reactor
When the initial urea concentration is decreased from 2 g/L to 1 g/ L, the maximum
power output occurs at 331.3 hours.
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Pmax occurs at 331.3 hours

Figure 13: Simulation of batch configuration with an initial urea concentration of 1 g/ L.
Maximum power output occurs at 331.3 hrs.
4.2.2. CSTR
4.2.2.1. CSTR Productivity
Productivity given by Eq. 7, is the measure of the amount of cells or product produced
per unit time per volume. This allows us to find the peak product formation and bacterial
growth in a CSTR because, in a bulk liquid model, the power generated tracks substrate
depletion and Monod growth.
Using the simulation for the CSTR configuration, it was found that maximum power
output will occur at a dilution rate of 0.03 hr-1 or 33 hours when the initial urea
concentration is 2 g/ L. This time corresponds to when maximum bacteria growth occurs.
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Pmax occurs @ 33 hours

Figure 14: Simulation of CSTR configuration with an initial urea concentration of 2 g/ L.
Maximum power output occurs at 33 hrs.
4.2.2.2. Parametric Analysis of CSTR Productivity
When the initial urea concentration is decreased from 2 g/L to 1 g/ L and all other inputs
remain the same, the maximum power output occurs at a dilution rate of 0.02 hr-1 or 50
hrs. This shows that the time when maximum power output occurs changes with the
initial urea concentration.
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Pmax occurs @ 50 hours

Figure 15: Simulation of CSTR configuration with an initial urea concentration of 1 g/ L.
Maximum power output occurs at 50 hrs.

XI. Chapter 5: Discussion

Analyzing the results from the model, a batch reactor is the recommended configuration
for the MFC. For an initial concentration of 2 g/ L urea, the time to reach maximum
power for the batch reactor is 28.8 hours, compared to 33 hours for the CSTR.
Additionally, the batch configuration has a simpler laboratory set-up. Still, 28.8 hours is a
considerable amount of time to reach maximum power output, making the current project
not financially feasible. It is important to note that this project used second generation
bacteria that had already been induced before being placed in the freezer. This was a
deliberate choice for the project, as first generation bacteria degrades urea so quickly that
it is difficult to obtain measurements with a urea assay. In order to decrease the time for
maximum power output to occur to make the MFC more financially feasible, first
generation bacteria can be used instead of second generation bacteria.
Analyzing the CSTR configuration further, the time when peak power occurs is a
function of original substrate concentration. Increasing the initial urea concentration from
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1 g/ L to 2 g/ L decreases the time to reach maximum power output from 50 hours to 33
hours. This is consistent with literature, as it was found that initial concentrations affect
maximum power output, as described in Table 4 [10]. Furthermore, the results of the
bulk liquid model can be compared to results of existing literature, such as the one
depicted in Fig. 16 below pertaining to cyclical power generation using enzymatic urea
degradation in an MFC.

Figure 16: Example of experimental results from pre-existing literature [1].
There are limitations to the model used for analysis of reactor configurations. The first is
that this model can predict only when maximum power output occurs and not the value
for maximum power output. This limitation is due to a lack of laboratory data regarding
the power generated by the MFC. The MFC was run once during the course of this
project before laboratory access became restricted. This experiment yielded no data
because the proton exchange membrane was incorporated into the MFC incorrectly.
Another limitation is that some values necessary for the model were unknown. In
particular, the yield coefficients and specific rate of product formation were assumed due
to a lack of laboratory data that could be used to find these values.
The model can then be improved by obtaining laboratory data regarding electrochemistry
and yield coefficients. Furthermore, when determining the time for maximum power
output, trial and error was used. Unconstrained optimization could be used in future work
to find true maxima.

XII. Chapter 6: Conclusion

Using the urea degradation data, it was found that the genetically engineered bacteria is
active and the enzymatic reaction follows first order kinetics with k = 0.0055 min-1. This
means that the E. coli DH5α pKAU17 can continue to be used for future work with the
MFC. For the same kinetic parameters and initial substrate concentration, results of the
bulk liquid model indicate that use of a batch reactor is more economically advantageous
since peak power is reached faster independent of substrate concentration. Of
significance is the comparison of the reactor configurations operating at 1 g/ L considered
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to be the physiological uremic concentration: the time to reach maximum power is
approximately seven times for the batch (331.3 hours) versus CSTR (50 hours). With the
incorporation of the PEM and multimeter measurements, these findings will be verified
by incorporating coulombic efficiency calculations based on the same initial substrate
concentration.
Ultimately, we realized the challenges of cross-disciplinary research, specifically
environmental biodevice characterization and de novo implementation with regards to
batch to batch variation.

XIII. Chapter 7: Future Direction

The next group’s most prominent research objective will be to experimentally validate
the theoretical findings from our model.
We also project a shift in focus for the next group. Due to batch-to-batch variations in
cell behavior, we first recommend that the MFC be used as a quantitative tool for
discerning the success of cloning bacterial colonies before embarking on power
generation comparisons. This suggestion draws from the fact that our project’s goal has
been to optimize a MFC design that is able to reliably generate power. This goal will not
be possible if the bacteria’s natural fluctuations are not first studied and stabilized.
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XV. Appendix A: Glossary of Terms and Variables
A.1. Terms:
● Anodic chamber: contains anode, bacteria, organic fuel source
● Batch reactor: MFC configuration that operates as a closed system
● Bulk liquid model: computational model that calculates predictions of a MFC’s power
output by correlating substrate depletion and Monod growth
● Cathodic chamber: contains cathode and oxygen
● Continuous stirred tank reactor (CSTR): MFC configuration that operates with a
continuous flow of inputs and outputs
● Double chamber MFC: analogous to a conventional double chambered galvanic cell, this
MFC design has both an anodic and a cathodic compartment
● Electrochemical model: computational model that calculates predictions of a MFC’s
power output by correlating reaction kinetics and power generation data
● Electrogenic properties: ability of a bacterial cell to change its cell potential
● Electron transfer mechanism: process by which exoelectrogens transfer metabolically
produced electrons to the anode
● Electron transport chain: metabolic pathway consisting of a cascade of reactions that
release energy in the form of electrons which is used to form ATP
● Encapsulation: method involving the integration of bacteria into a hydrogel; research
suggests this method may result in more consistent power generation
● Escherichia coli (E. coli) DH5a (pKAU17): bacterial strain with an inserted pKAU17
plasmid that allows for the expression of urease, thereby allowing the bacteria to
metabolize urea
● Exoelectrogen: a microorganism that has the ability to transfer electrons extracellularly
● Greenhouse gases (GHGs): gases in Earth’s atmosphere that trap heat
● Internal resistance: electron resistance within a MFC that diminishes the power supplied
by the system
● Isopropyl β-D-1-thiogalactopyranoside (IPTG): chemical added during bacteria’s
incubation process in order to induce expression of urease
● Luria-Bertani (LB) broth: nutrient-rich medium in which bacteria grow
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● Microbial fuel cell (MFC): an alternative energy source that utilizes electrons produced
during microbial metabolic activity
● Miniaturization and multiplication: a method for improving MFC power performance by
connecting smaller MFCs in parallel
● Oxygen: the final electron acceptor in the electron transport chain
● Packed bed reactor: MFC configuration involving a column filled with beads of catalyst
over which the reactant flows, resulting in a chemical reaction
● Proton exchange membrane (PEM): material separating the anodic and cathodic
chambers and is selectively permeable by only protons, thereby allowing for the critical
establishment of an electrochemical gradient
● Seeding: technique used to adhere bacteria to the anode in order to improve the efficiency
of electron transfer
● Supernatant: fluid leftover after bacteria has been centrifuged into a pellet
● Transition electron microscopy (TEM): form of imaging involving a beam of electrons
being transmitted through a sample to form an image
● Urease: enzyme which catalyzes the metabolism of urea
● 2-sided student t-test: method for testing a hypothesis relative to the mean of a small
sample drawn from a normally distributed population when the population standard
deviation is unknown
● 4th generation biofuels: fuel produced using biomass that has been genetically modified
A.2. Variables:
● μmax: a measurement of bacteria’s maximum growth rate [1 / hr]
● Ks: the saturation constant in the Monod equation [mM]
● Power density: amount of power produced per unit volume [W / m3]
● μ1 and μ2: represents the means of samples 1 and 2 in a t-test
● s1 and s2: represents the standard deviations of samples 1 and 2 in a t-test
● N1 and N2: represents the sample sizes of samples 1 and 2 in a t-test
● X: represents the concentration of bacteria
● S: represents the concentration of the substrate (i.e., urea)
● P: represents the concentration of the product (i.e., ammonia)
● V: volume of the anodic chamber [L]
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● S0: initial concentration of urea [g / L]
● X0: initial concentration of E. coli [g / L]
● D: dilution rate [1 / hr]
● Yx/s: yield coefficient for grams of E. coli produced per grams of urea [g / g]
● Yp/s: yield coefficient for grams of ammonia formed per grams of urea [g / g]
● qp: specific growth rate of product formation [1 / hr]
● A0: represents the absorbance associated with the initial concentration of urea
● k: the first order reaction constant [1 / hr]
● τ: residence time [hr]
● Dilution factor: space velocity [1 / hr]
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XVI. Appendix B: Sample Code
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